A B S T R A C T The distribution of calcium pyrophosphate mineral phase, almost exclusively confined to articular cartilage in chondrocalcinosis, and the high level of pyrophosphate (PPi) ion relative to serum in synovial fluid in patients with either chondrocalcinosis or advanced osteoarthritis led to an investigation of whether cartilage cells elaborate PPi ions.
Incubates of articular cartilage from young rabbits but not from mature rabbits, as well as growth plates cartilage, released PPi into incubation media during a 4-h period. Control rabbit car cartilage and synovial melmibranie elaborated negligible amiiounlts of PPi. The PPi w,as slhown to be unidialyzable but could be dissociated fromi the alkalinie phosplhatase by ultracentrifugation. In 16 patients with osteoartlhritis, a substantial output of PPi by samples of articular cartilage from the knee was demonstrated. It is postulated that either rapid cell division and matrix synthesis found in the base of ulcerating osteoarthritic cartilage or remodeling calcified sites are the source of the PPi in such osteoarthritic cartilage. It is further hypothlesized that this PPi output INTRODUCTION Clinical features of chondrocalcinosis during the last decade have attracted considerable attention (1) (2) (3) (4) (5) (6) (7) (8) , but information concerning fundamental biochemical defects that would explain the deposition of the mineral phase, calcium pyrophosphate dihydrate (CaPPi) (9) , found in articular cartilage, is meager. The major biochemical abnormality found so far has been a substantial synovial fluid-plasma inorganic pyrophosphate gradient (10) (11) (12) ; in one study red cell neutral Mg-dependent pyrophosReceived for puiblicationt 27 January 1975 antd int rovised form 23 Jutly 1975. phatase in a group of patients with chondrocalcinosis was not reduced below levels found in normal control subjects (13) , and despite some contrary evidence (10, 14, 15) , synovial fluid alkaline phosphatase levels have in most cases been within normal limits. McCarty has proposed, partly because of the above-stated data and a host of negative systemic abnormalities, as well as histological features of chondrocalcinosis, that the articular cartilage is the most likely site of initial mineral deposition (11) . This theory implicates some error in local cartilage metabolism that specifically predisposes it to develop CaPPi depositioni, even wiheni hydroxyapatite in the samle person is deposited ectopically in the aorta or otlher noniarticular sites (9) .
In our previous report a high concentration ratio of PPi synovial fluid to plasma was found in patients with chondrocalcinosis, as expected from aforementioned studies (10-12), but surprisingly, a similar finding was present in osteoarthritis patients (12) , a result confirmed by Silcox and McCarty (16) .
An explanation of this phenomenon might bring insight concerning peculiarities of cartilage metabolism relating to chondrocalcinosis and the characteristic deposition of CaPPi. In particular, elucidation of PPi hanidlinig by normal and osteoarthritic cartilage seemed a logical point from which to begin, because of the much greater opportunity for sampling human osteoarthritic than chondrocalcinotic cartilage.
A severe restriction on the study of cartilage metabolism of PPi in animals or man has been the lack of methods to analyze PPi in the minute concentrations normally present in body fluids or released into incubation media for in vitro tissue studies. In the present report a miniaturized PPi analytical method, published before in preliminary form (12) , is described here in detail, and during initial experiments data on incubates of rabbit cartilage have provided evidence for surprising elaboration of unhydrolyzed PPi from proliferating cartilages. In addition, fresh cartilage from a wellcharacterized series of osteoarthritic patients revealed consistent, small elaboration of PPi into incubation media in comparison to controls.
METHODS
Animials. 14-mo-old and 2-yr-old normal female New Zealanid white rabbits were killed with intravenous 100 mg/kg Nembutal (Abbott Laboratories, North Chicago, Ill.), and the tissues were handled as described below. Body weight for these rabbits ranged from 0.3 to 2.3 kg and from 4.2 to 4.7 kg, respectively.
Patientts. All patients gave a complete medical history and received a physical examination during the years 1972-74 at Jackson Memorial Hospital and Miami Veterans Administration Hospital; 16 patients were judged to have primary osteoarthritis based on exclusion of other diseases. Evaluation of knee and hip x-rays by the criteria ot Kellgren and Lawrence (17) on each patient revealed moderate to severe disease (grades 2 to 4). Cartilage was, in all cases, obtained at orthopedic surgery for total knee or hip replacement. Control cartilage wNas obtained from hips of patients who had suffered femoral neck fractures and from two patients at the time of above-knee amputation ("normal," In the rabbits, the cartilage covering the distal end of the femur and the proximal end of the tibia were resected. Four to five slices of cartilage were resected from each joint, with a sharp scalpel. The slices were diced in small pieces, approximately 0.3-0.5 mm thick. All samples were next placed in cool 0.9% saline solution.
In the same manner samples prepared from the rabbit ear cartilage freed of perichondrium and synovial membrane extirpated from the knee joints were washed three times with basal Eagle medium. In other experiments, the articular cartilage and growth plates of 14-mo-old rabbits were exposed by a sagittal incision under a dissecting microscope at 100 X magnification. The growth cartilage was divided into two cross-sectional pieces, containing (a) principally resting cell cartilage and (b) proliferating cell zone and hypertrophic cell zone. Histological study of each sample was made as described previously (19) to verify a gross zonal separation. In the same experiments, articular cartilage was divided into two further layers (c) containing predominantly tangential and transitional zones, and (d) predominantly radial zones, also containing growth cartilage with proliferating and hypertrophic cells. In adult rabbits (age 2 yr) the articular cartilage, now lacking growth cartilage per se, was divided as in (c) and (d). These sample were cut into blocks and incubated as described above.
Thereafter the material (50-90 mg wet wt) obtained from one animal or human was equally distributed among six 1-ml beakers, each containing 300 Ml of the incubating basal Eagle medium. 5%o C02, 95% air with 85%7o humidity was circulated for 30 s in the upper part of the beaker through a pipette with a cotton plug, and the beakers were tightly covered with parafilm (American Can Company, New York). Incubations were conducted at 38°C and maintained for 0, i, 1, 2, 3, 4, and 6 h. The enzymic hydrolysis of PPi in the incubation was terminated by removal of the cartilage and addition of Cleland's reagent as described below. Solution pH was checked with microelectrodes as reported previously, and pH values ranged from 7.1 to 7.5 during the incubations. In each set of experiments on articular cartilage, control ear cartilage and knee synovial membrane from the same animal were incubated concurrently.
UDP Enz-yvnatic determziniation of PPi. The enzymatic assay for PPi described in the current study was adapted from the three basic reactions described by Munch-Petersen (20) :
G-6-P + NADP + gluconolactone-6-P + H+ + NADPH (3) Reaction 1 is catalysed by UDP-glucose pyrophosphorylase, reaction 2 by phosphoglucomutase, and reaction 3 by glucose-6-phosphate dehydrogenase. A similar adaptation has been published for the assay of RNA polymerase (21) .
PPi analyses were first made on standard PPi solutions prepared with the basal Eagle medium along with the unknowns. During testing of the method, samples of human plasma and synovial fluid were divided into two fractions immediately after being withdrawn; to both of them, Cleland's reagent was added to a final concentration of 10 mM.
To only one of them 8 MuM Na4P207 was added as a recovery control. Both fractions were then centrifuged at 50C for 15 min at 700 g and deproteinized by ultrafiltration at about 5°C, employing an Amicon PM-10 membrane (Amicon Corp., Lexington, Mass.) with the ultrafiltration cell of 10.0 ml capacity and a pressure of 45 lb/in2 produced with a mixture of 5% CO2 and 95% air. About 0.8 ml of the filtered sample was incorporated in the reaction mixture, which had a total volume of 1.10 ml and composition in addition as follows (final concentrations) : Mg Cl2, of each of the following enzymes: glucose-6-phosphate dehydrogenase, phosphoglucomutase, and UDP glucose pyrophosphorylase. After addition of this last enzyme to the system, the reaction required about 15 min for completion at room temperature. The absorbance corresponding to the resulting NADPH was read in a 5.0-cm cuvette in a PMQ II Zeiss spectrophotometer (Carl Zeiss Inc., New York) at 340 nm wave length. A reagent blank was routinely run in each determination and consisted of the sample plus reaction mixture except for the first enzyme, UDP glucose pyrophosphorylase. When samples of ultrafiltered sample were incubated with yeast inorganic pyrophosphatase and then analyzed, the change in absorbance observed was equal to that of the blank, which confirms the specificity of the method of PPi.
The sensitivity of this method was tested with standard solutions. The theoretical absorbance for 1.0 nmol of NAD-PH at wave length of 340 nm in the 5-cm optical path cuvette is 0.031. The maximum spectrophotometer error, found at concentration level of 10 nmol, was ±1.0%, and at the 1.0 nmol level, ±6.5%. The PPi concentration found for human plasma with this method (12) ranged from 1.8 to 6.0 ,uM, consistent with values reported in the literature (10, 11) .
For the present work, very small sample volumes were used; about 300 ,l of the tissue culture solution medium was centrifuged in the Beckman Microfuge (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.) at 10,000 g for 5 min, and the supernate, to which Cleland's reagent was incorporated to a final concentration of 10 mM, was filtered through GSWP 01300, GS 0.22 ,m; 13- (25) , except for the following modifications: (a) the fixation in buffered 10% formaldehyde, pH 7.0, was for 2 hr; (b) the Celite filter aid was replaced by a drop of human serum; (c) filtration was substituted by centrifucation at 5°C at 700 g for 5 min b and c according to Hughes and Caspary (26) .
Tissue autoradiography. A high resolution autoradiographic technique (27) provided qualitative evidence for the incorporation and distribution of labeled thymidine uptake by the cartilage. Tissue samples treated and incubated as described above for biochemical radioactivity incorporation were also fixed in formaldehyde, embedded in paraffin, cut into sections 5 u thick and then coated with a thin layer of Kodak NTB3 photograph emulsion (Eastman Kodak Co., Rochester, N. Y.) at 40°C in absolute darkness. The slides were dried and placed in light-tight boxes in a refrigerator for 4 wk and then developed with Kodak D19 developer. The autoradiographs were stained with hematoxylin and eosin, and afterward the gelatin was destained with dilute Mcllvane's buffer. Cartilage samples from each experiment in which cartilage was divided into zonal layers were fixed in formaldehyde, embedded in paraffin, sectioned, and stained as above to assess the histological zonal content of the incubated slices.
Evidence of tissue viability. Viability of the cartilage incubates was demonstrated in rabbit and human samples by their capacity to take up [3H] thymidine. The labeled thymidine and cytidine were used as indicators of cell replication and RNA metabolism, respectively, and showed slightly greater uptake by osteoarthritic than normal control cartilage (Table I) . Uptake of 3H-labeled compounds by the rabbit synovial tissue was less than that obtained with articular or ear cartilage. This surprising finding was considered largely the result of a low DNA content. (Table II) (Grains were counted in 10 high-power fields of a section from each sample.) 'Most of the counts were over cells or lacunae for all samples studied (Table I ). In adult normal rabbit articular cartilage, however, there was very little uptake of [3H] thymidine, either by chemical or autoradiographic testing, due to the failure of these cells to undergo division in the short-termii organi culltulr-es.
RESULTS
Amnial data. A consistenitly positive findinig was the output of PPi into the incubation medium by the various Tables 1-111 ; n = 9 for each experimental group. articular cartilage fragments (Table II) , with a peak output reached in 4 h. Controls (ear cartilage and synovial tissue) revealed no detectable output or only trace output of PPi.
Because of the decline of net cumulative PPi output between 4 and 6 h (Table II) , enzymic hydrolysis was suspected, and therefore phosphatase activity (pH 10.2) was measured in further experiments on samples of the same fluid in which the PPi was measured concurrently (Table II, Fig. 1 ). It can be seen that there was a surprising steady output into the medium of phosphatase activity as a function of time by articular cartilage (Fig. 1) , whereas none was elaborated by synovial tissue or ear cartilage samples (Table II) . Autolysis of cells or leaks from cell membranes as a cause of this phenomenon was interdicted by failure of lactic dehydrogenase to rise in the medium (Fig. 1) . Although precise zonal localization of PPi output was impossible due to crudity of histological separation inherent in this preparation, as indicated by Sokoloff3 (Table II) , proliferating cell zones of the growth plate, as well as the growth cartilage portion of the rabbit articular cartilage, were the major cellular constituents in slices that elaborated PPi into the incubating medium. Phosphatase and PPi extrusion showed a positive correlation (Table II) . Mluch higher outputs of PPi and phosphatase by the growth plate than growth portion of articular cartilage were considered at least partly the result of difficulty in selectively sampling the latter site, free of less cellular upper articular zones (Table II) . Adult rabbit knee cartilage did not elaborate detectable PPi (Table II) .
To ascertain whether enzymic hydrolysis of PPi could be prevented (Table III) , several attempts were made 'L. Sokoloff. Personal communication. with different inhibitors to prevent alkaline phosphatase from being released into the medium. Neither dithiothreitol nor cysteine, potent inhibitors of alkaline phosphatase (Table II) (Table IV) , and cartilage cellularity indicated from DNA content was quite comparable in all control groutps. DISCUSSION To the authors' knowledge, these data (Table IV) provide the first direct evidence in support of the hypothesis (12) that metabolism of pyrophosphate in local articular cartilages of osteoarthritis is disturbed.
In both the human and rabbit studies, a consistent finding in the laboratory data was simultaneous release of PPi and phosphatase into the incubating media; attempts to dissociate this enzyme release from that of PPi were unsuccessful in rabbits, and so far human cartilages have released minimal phosphatase unless PPi was also released.
A plausible interpretation of the rabbit cartilage data (Table II) (Table III) . Also, although failure of effect of actinomycin D or colchicine may have been due partly to the shortness of incubation times possible in our in vitro system, relative to time required for maximum action of these inhibitors, the negative data favor the view that the release of phosphatase or PPi does not directly result from altered DNA metabolism or from cell division.
In human cartilage samples, the extension of these interpretations of our data on rabbit cartilages is that osteoarthritic cartilages, but not the other cartilages so far studied, are preparing for remodeling of underlying subchondral bone and cells programmed in preparation to calcify and release phosphatase and PPi. In a previous report, septal mineral deposition was associated with relatively high alkaline phosphatase content of growth cartilage, analyzed by microchemical methods in isolated proliferating and hypertrophic cell zones (28) . There is a sharp rise of capillary invasion and initiation of calcification at weight-bearing sites prone to osteoarthritis after age 60 yr in man (29) . Also, a high alkaline phosphatase content measured in cartilage at human osteoarthritic sites (30) (11) . Perhaps this observation is relevant to the fact that rabbit cartilage PPi fails to dialyze (Table III ) but yet it separates on ultracentrifugation. No attempt at this point can be made to explain the presence of a bound PPi in the rabbit growth plate cartilage, except perhaps an involvement of a mechanism to calcify. Finally, the data of Camerlain et al. (33) indicate from clearance rates of 3PPi that the pool size of PPi in knees of a group of patients with osteoarthritis was 0.45 Amol+0.26 and that turnover was 76% of total PPi/h. Based on the assumption of 6 g of articular cartilage (wet) per knee elaborating (with negligible hydrolysis of PPi) about 1.0 pmol/mg of cartilage (Table  III) , the predicted output into synovial fluid would be in the range of 1 jumol/h. With further knowledge of kinetics of PPi across synovial membranes, it should be possible to assess whether the currently found extrusion rates of PPi are sufficient to account for the synovial to plasma PPi gradient.
